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1. INTRODUCTION {#btm210109-sec-0001}
===============

Neural crest (NC) is an embryonic structure, unique to vertebrates, at the junction of neural and non‐neural ectoderm, from which NC cells arise and migrate laterally along the length of developing neural tube. During the process of gastrulation, the growing embryo is divided into the three germ layers: ectoderm, mesoderm, and endoderm. The ectoderm undergoes subsequent division, forming the neural and non‐neural ectoderm. The region separating these two is commonly referred to as the neural plate border and is the origin of NC stem cells in embryogenesis.[1](#btm210109-bib-0001){ref-type="ref"} The NC is a transient cell population that is capable of self‐renewal and possesses multipotency. After the neural‐ectoderm folds to form the neural tube, NC stem cells develop a migratory phenotype and delaminate from its dorsal aspect.[2](#btm210109-bib-0002){ref-type="ref"} This mobility is made possible by the ability of NC cells to undergo epithelial to mesenchymal transition (EMT), enabling migration throughout the developing embryo, where they contribute to portions of the craniofacial skeleton, neurons, peripheral glia, cardiac outflow tract, smooth muscle cells, chondrocytes, adipocytes, melanocytes, and so forth.[1](#btm210109-bib-0001){ref-type="ref"} This was also confirmed through the use of in vitro clonal cultures, where individual NC cells were isolated, expanded, and subjected to factors known to induce differentiation.[3](#btm210109-bib-0003){ref-type="ref"}

Regulation of such a transient population of cells requires a complex network of signaling pathways to maintain the stem cell‐like state and control all subsequent cellular changes. There are three pathways that are mainly reported to have a greater significance than others during NC induction: FGF, Wnt, and BMP signaling.[4](#btm210109-bib-0004){ref-type="ref"} These pathways lead to the expression of NC specifiers that define the NC state, albeit transiently, from the beginning to the end of induction. Some of these specifiers include among others, the SoxE family of factors as well as Pax3 and Zic1.[5](#btm210109-bib-0005){ref-type="ref"}, [6](#btm210109-bib-0006){ref-type="ref"}, [7](#btm210109-bib-0007){ref-type="ref"}, [8](#btm210109-bib-0008){ref-type="ref"} While the importance of FGF signaling in the NC induction has been postulated in a number of studies, mainly focusing on the *Xenopus* embryo model,[9](#btm210109-bib-0009){ref-type="ref"}, [10](#btm210109-bib-0010){ref-type="ref"}, [11](#btm210109-bib-0011){ref-type="ref"}, [12](#btm210109-bib-0012){ref-type="ref"} further investigation is needed to expand these findings in NC stem cells isolated from adult humans.

Genetic mutations can result in dysregulated NC development leading to many congenital human diseases, such as cardiovascular defects and craniofacial abnormities, collectively known as neurocristopathies,[13](#btm210109-bib-0013){ref-type="ref"} myelopathies, neural degenerative diseases, and so forth. Therefore, cultures of human NC cells can provide a model to study human disease and a source of stem cells for treatment of neurodegenerative diseases that may be currently hindered by the lack of an easily accessible and autologous cell source. Interestingly, recent studies have successfully isolated NC cells from different tissues in the adult body, including the adult hair follicle, craniofacial sources such as the palate and the oral mucosa.[14](#btm210109-bib-0014){ref-type="ref"}, [15](#btm210109-bib-0015){ref-type="ref"}, [16](#btm210109-bib-0016){ref-type="ref"}, [17](#btm210109-bib-0017){ref-type="ref"} Recently, our laboratory showed that NC could be derived from cultures of epidermal KCs isolated from glabrous neonatal foreskin. KC‐derived NC could be coaxed to differentiate into functional neurons, Schwann cells, melanocytes, osteocytes, chondrocytes, adipocytes and smooth muscle cells, in vitro and in vivo, in lineage tracing experiments in chick embryos.[17](#btm210109-bib-0017){ref-type="ref"} Given the accessibility of human skin, KC‐derived NC may provide a valuable source of multipotent stem cells for treatment of myelopathies and other debilitating neurodegenerative diseases. Therefore, it is critical to understand the factors affecting NC derivation, including expansion and maintenance of the NC phenotype and multilineage differentiation potential.

In this study, we focused on the role of growth factors and downstream signaling pathways that may be important in derivation of NC from human KC and identified the culture conditions that may be optimal for NC proliferation and expression of key transcription factors, Sox10 and FoxD3, which have been shown to be critical for maintenance of the NC phenotype and the NC multilineage differentiation potential.

2. MATERIALS AND METHODS {#btm210109-sec-0002}
========================

2.1. Isolation of epidermal cells {#btm210109-sec-0003}
---------------------------------

Glabrous (lacking hair follicles) foreskin from 1‐ to 3‐day‐old neonates was procured from John R. Oishei Children\'s Hospital, Buffalo. Skin samples were washed three times with PBS, dissected into pieces (\~3 × 1 cm), enzymatically digested with dispase II protease (Sigma, St. Louis, MO, USA) for 15‐20 hr at 4 °C. The epidermis was, afterward, separated from the dermis manually using fine forceps. The separated epidermis was then treated with Trypsin‐EDTA (0.25%) (Life Technologies, Carlsbad, CA, USA) for 10‐15 min at 37 °C, filtered through 70 μm cell strainer (BD Biosciences, Franklin Lakes, NJ, USA), centrifuged and plated on a confluent monolayer of growth‐arrested 3T3/J2 mouse fibroblast feeder cells in keratinocyte growth medium (KCM) consisting of a 3:1 mixture of high glucose Dulbecco\'s Modified Eagle\'s Medium (DMEM) and Ham\'s F‐12 medium (Life Technologies) supplemented with 10% (v/v) fetal bovine serum (FBS, Atlanta Biologicals, Flowery Branch, GA, USA), 100 nM cholera toxin (Vibrio Cholerae, Type Inaba 569 B; Millipore, Burlington MA), 5 μg/mL transferrin (Life Technologies), 0.4 μg/mL hydrocortisone (Sigma), 0.13 U/mL insulin (Sigma), 1.4 × 10^−4^ M adenine (Sigma), 2 × 10^−9^ M triiodo‐L‐thyronine thyronine (Sigma), 1× antibiotic‐antimycotic (Life Technologies) and 10 ng/mL epidermal growth factor (EGF, BD Biosciences). The cells were cultured in KCM for 8‐10 days. Afterward, the 3T3/J2 feeder layer was detached after a 10‐min versene treatment. The remaining cells were treated with trypsin--EDTA (0.25%), which was then neutralized by a solution containing 10% FBS in PBS and plated in KC serum free growth medium (KSFM, Epilife medium with Human Keratinocyte Growth Supplement; Life Technologies). Further expansion took place in KSFM prior to NC induction. Passages 1‐3 KC were used in all experiments.

2.2. Induction of KC into NC stem cell fate {#btm210109-sec-0004}
-------------------------------------------

For induction into the NC fate, KC were cultured at a density of 8‐10 × 10^3^ cells/cm^2^ in collagen type I coated dishes (10 μg collagen type I per cm^2^; BD Biosciences) in the presence of NC induction medium (NCIM), comprising basal medium (EBM‐2 medium; Lonza, Basel, Switzerland) plus 2% (v/v) FBS, 10 μg per ml heparin (Lonza), 100 μg per ml ascorbic acid (Lonza), and 0.5 μg per ml hydrocortisone (Lonza), 1× Gentamicin/Amphotericin‐B (Lonza) and supplemented with 10 ng/mL fibroblast growth factor 2 (FGF2; BD Biosciences) and 10 ng/mL insulin‐like growth factor 1 (IGF1, Lonza). FGF2 and IGF1 concentrations were optimized in previous studies in our lab.[17](#btm210109-bib-0017){ref-type="ref"} For our signaling pathways investigation, the following inhibitors were used: PD173074 (Cayman Chemical, Ann Arbor, MI, USA, concentration: 1 μM), CH5183284 (Sellechem, Boston, MA, USA, concentration: 0.5 μM), SB431542 (Sigma, concentration: 10 μM). All inhibitors were dissolved in DMSO.

2.3. Immunocytochemistry {#btm210109-sec-0005}
------------------------

Cells were washed with cold PBS (4 °C) and permeabilized with 4% (vol/vol) paraformaldehyde (10 min, room temperature; Sigma). Permeabilization (10 min, room temperature) was performed with 0.1% (vol/vol) triton X‐100, (Sigma) in PBS and samples were blocked with 5% (vol/vol) normal goat serum (Life Technologies) in PBS. The cells were incubated with primary antibodies overnight (4 °C) (Supporting Information Table S1) followed by incubation with appropriate secondary antibodies (1 hr, room temperature) conjugated with Alexa 488 or Alexa 594 (Life Technologies). Hoechst 33342 (Thermo Fisher Scientific, Grand Island, NY) was used for nuclear staining. Cells that were incubated with only secondary antibody served as controls.

2.4. Imaging and image analysis {#btm210109-sec-0006}
-------------------------------

Immunocytochemistry images were acquired using a Zeiss Axio Observer Z1 inverted microscope with an ORCA‐ER CCD camera (Hamamatsu, Japan). The images were acquired using fixed exposure time (NES: 200 ms, SOX10: 400 ms, FOXD3: 500 ms). Cell number quantification was performed using NIH ImageJ. The images were converted to eight‐bit. Manual marking and cell counting were performed for NES+, SOX10+, and FOXD3+ cells using the Cell Counter plugin. For each condition, *n* = 3 separate wells were counted. Statistical significance between the groups was analyzed through Student\'s *t*‐test (paired, two‐tailed) as described previously[18](#btm210109-bib-0018){ref-type="ref"} and a confidence interval of 95% was chosen.

3. RESULTS {#btm210109-sec-0007}
==========

3.1. NC stem cells derived from keratinocyte cultures {#btm210109-sec-0008}
-----------------------------------------------------

An adult NC population has been found in hair follicle\'s bulge region.[19](#btm210109-bib-0019){ref-type="ref"} To avoid possible contamination from the NC population present in the bulge region of the hair follicle, we isolated KC from the interfollicular epidermis of glabrous skin from 1 to --3 days old neonates. KC were isolated from three individual donors and cultured in serum‐free, low calcium KSFM, where they were maintained as single epithelial cells expressing keratin 14 (K14) (Figure [1](#btm210109-fig-0001){ref-type="fig"}a).

![Obtaining NC stem cells from KC cultures. (a) Schematic of the KC‐NC induction process. (b) Induction of pluripotent NCs from KC cultures with medium containing FGF2, IGF1, ascorbic acid, heparin, hydrocortisone, and 2% FBS. After 6 days of induction, the cells express Sox10, FoxD3, NES, PAX3, and lack KC marker K14. Scale bars, 50 μm. Each experiment was repeated three times](BTM2-3-256-g001){#btm210109-fig-0001}

One day after plating, KSFM was changed to the NCIM (EBM2 basal medium containing FGF2, IGF1, ascorbic acid, hydrocortisone, heparin, 2% FBS, and high calcium). Within 24 hr, NCIM caused KC aggregation and after 3‐4 days a number of small NC cells could be observed around the KC colonies. By Day 7, NC cells proliferated yielding a large number of cells surrounding the KC colonies (\~30‐40 × 10^2^/10^4^ KC seeded), in agreement with recent results from our laboratory.[17](#btm210109-bib-0017){ref-type="ref"} Immunostaining showed that KC had formed colonies expressing K14 (not shown), while small, spindle‐shaped cells expressed Nestin (NES)---an intermediate filament protein that is expressed in both central nervous system (CNS) progenitors and NC stem cells[19](#btm210109-bib-0019){ref-type="ref"}, [20](#btm210109-bib-0020){ref-type="ref"}--as well as other NC markers such as Sox10, FoxD3, and Pax3 but were lacking K14 (Figure [1](#btm210109-fig-0001){ref-type="fig"}b**)**.

3.2. The effect of induction medium on NC yield from KC cultures {#btm210109-sec-0009}
----------------------------------------------------------------

Next, we tested whether the basal medium had an effect on NC induction and proliferation. To this end, we tested three basal media, EBM2, DMEM, and EpiLife. The concentration of calcium in the first two was high (1.8 mM), while in the third was low (0.09 mM). All basal media were supplemented with FGF2, IGF1, ascorbic acid, hydrocortisone, and heparin.

Interestingly, EBM2 supported NC proliferation to much higher extent as compared to KSFM and DMEM as evidenced by the number of NES^+^/K14^−^ cells after 7 days of induction per 10^4^ KC/cm^2^ initially plated (Figure [2](#btm210109-fig-0002){ref-type="fig"}a, b). In addition, the number of cells expressing Sox10 or FoxD3 and the percentage of Sox10+ or FoxD3+ among the NES‐expressing cells were the highest in EBM2 medium and the lowest in DMEM. Finally, the cells grown in DMEM appeared more elongated, resembling a fibroblastic phenotype after 7 days in culture.

![The effect of different basal media (EBM2, DMEM, Epilife‐SFM) in KC‐NC induction. (a) Immunostaining shows expression of Sox10 and FoxD3 only in the EBM2 condition. (b) Quantification of immunofluorescence images using ImageJ. Numbers of Sox10+ and FoxD3+ cells are significantly higher in EBM2 medium. Scale bars, 50 μm. All values are mean ± SD. Each experiment was repeated three times](BTM2-3-256-g002){#btm210109-fig-0002}

Next, we tested the effect of FGF2 and IGF1 in NCIM using immunostaining for the markers NES, Sox10 and FoxD3 (Figure [3](#btm210109-fig-0003){ref-type="fig"}a‐c). Quantification of the number of NES, Sox10, and FoxD3 positive cells, as well as the fraction of Sox10+ or FoxD3+ within the NES+ cells was performed using ImageJ. Interestingly, either FGF2 or IGF1 induced proliferation of NC cells, but their combination increased NES+ cells even further, suggesting a synergistic effect. In addition, the fraction of FoxD3+/NES+ cells was similar with either FGF2 (42 ± 3.8, *n* = 3) or IGF1 (35 ± 2.6%, *n* = 3) but increased dramatically when both were present (91 ± 10.3%, *n* = 3). However, the fraction of Sox10+/NES+ cells was dependent primarily on FGF2 (53 ± 7.7%, *n* = 3), as IGF1 alone yielded a low fraction (18 ± 2.3%, *n* = 3) and their combination did not show significantly better results (56 ± 4.9%, *n* = 3) than FGF2 alone (Figure [3](#btm210109-fig-0003){ref-type="fig"}d‐f). Therefore, the total number of NES+ and the fraction of FoxD3 depended on both FGF2 and IGF1 but Sox10 expression depended mostly on FGF2.

![Effect of soluble factors in NC induction. Immunostaining for (a) NES and K14; (b) Sox10 and NES; (c) FoxD3 and NES under the indicated conditions. (d)‐(f) Quantification of the immunocytochemical data using ImageJ. Scale bars, 50 μm. Each experiment was repeated three times](BTM2-3-256-g003){#btm210109-fig-0003}

Notably, as shown by the percentage of Sox10+/NES+ cells, the presence of FGF2 was sufficient for Sox10 expression even in the absence of serum (61 ± 5.2%, *n* = 3), but IGF1 was not (7.6 ± 3.3%, *n* = 3). As Sox10 is considered a key transcription factor of the NC lineage, which is also necessary for differentiation towards neurons and Schwann cells,[1](#btm210109-bib-0001){ref-type="ref"} we investigated the effect of FGF2 signaling on NC induction. Indeed, blocking fibroblast growth factor receptor (FGFR) with either PD173074 or CH5183284 chemical inhibitors diminished the number of NES+ cells and the percentage of Sox10+/NES+ cells after 7 days of induction (Figure [4](#btm210109-fig-0004){ref-type="fig"}a, b**)**.

![The role of FGF2 in the proliferation of NC from KC cultures. (a) Treatment with the tyrosine kinase inhibitor PD173074 (10 μM) inhibited the proliferation of NC completely. (b) Exposing the cultures to high concentration of FGF inhibitor CH51 (1 μM) fails to yield NC after 7 days of induction. Scale bars, 50 μm. Each experiment was repeated three times](BTM2-3-256-g004){#btm210109-fig-0004}

3.3. Akt and Erk1/2 but not Rac are necessary for NC induction {#btm210109-sec-0010}
--------------------------------------------------------------

Next, we investigated which of the pathways downstream the FGFR may play a pivotal role in NC induction. To this end, we inhibited the Rac, Akt, Erk1/2, and JNK at the start of the induction. Inhibiting Akt or Erk1/2 diminished the number of NES+ cells, while Rac inhibition showed no significant effect (Figure [5](#btm210109-fig-0005){ref-type="fig"}a). Interestingly, blocking JNK did not eliminate NC induction but restricted NES+ cells within the colonies of K14+ KC.

![Investigation of intracellular pathways in NC induction. KC were induced with NCIM in the presence of inhibitors of the indicated pathways. (a) Immunostaining for NES and K14 on Day 7 of induction. (b) Western blot showing no expression of Sox10 and NES, when the cultures were exposed to Akt or Erk1/2 inhibitor. Scale bars, 50 μm. Each experiment was repeated three times](BTM2-3-256-g005){#btm210109-fig-0005}

Western blot analysis (WB) for NES and Sox10 showed that NES was expressed early in the process from Day 1, while Sox 10 appeared much later, on Day 4. Inhibition of either Akt or Erk1/2 eliminated expression of both proteins as shown by immunostaining, suggesting that these two pathways were necessary for induction of NC from cultures of epidermal KC.

3.4. Inhibition of TGF‐β pathway increases the number of Sox10+ and FoxD3 positive cells {#btm210109-sec-0011}
----------------------------------------------------------------------------------------

Previous studies showed that transforming growth factor β1 (TGF‐β1) suppressed Sox10 expression in mouse NC stem cells, suppressing neural and conferring mesenchymal differentiation potential to NC cells in vitro.[21](#btm210109-bib-0021){ref-type="ref"}, [22](#btm210109-bib-0022){ref-type="ref"} This result prompted us to hypothesize that inhibition of the TGF‐β1 pathway might promote higher levels of Sox10 expression in human KC‐derived NC cells. To this end, we used the TGF‐β1 receptor (ALK4,5,7) inhibitor SB431542 (SB43) during the KC‐NC induction. During the 6‐day induction period, SB43 increased the number of NES+ cells significantly (\~fivefold), suggesting that TGF‐β1 may be suppressing KC‐NC proliferation (Figure [6](#btm210109-fig-0006){ref-type="fig"}a‐c). In addition, the percentage of Sox10+/NES+ cells increased significantly, especially at 20 μM SB43 (\~twofold, *p* \< 0.05, *n* = 3) (Figure [6](#btm210109-fig-0006){ref-type="fig"}d), but the percentage of FoxD3+/NES+ cells remained similar to control cells (no SB43) (Figure [6](#btm210109-fig-0006){ref-type="fig"}e**)**, suggesting that TGF‐β1 might be suppressing expression of Sox10 but not FoxD3.

![Inhibition of TGF‐β pathway promoted NC induction. KC were induced with NCIM in the presence of SB431542 at 10 or 20 μM. Immunostaining for (a) Sox10 and NES; (b) FoxD3 and NES. (c) The number of NES+ cells in the presence of 10 μM or 20 μM SB43. (d) Percentage of Sox10+ cells in the NES+ population in the presence of 10μM or 20μM SB43. (e) Percentage of FoxD3+ cells in the NES+ population in the presence of 10μM or 20μM SB43. Scale bars, 200 μm. Insets at higher magnification images, scale bars, 50 μm. Each experiment was repeated three times](BTM2-3-256-g006){#btm210109-fig-0006}

3.5. Dynamics of NC induction {#btm210109-sec-0012}
-----------------------------

To examine the dynamics of NC induction, we followed the expression of Sox10, FoxD3, and NES with immunostaining daily until Day 7 and the cell numbers were normalized to the number of KC that were initially plated (10^4^ cells/cm^2^). After 1 day of induction, KC started to aggregate forming K14 positive colonies and few NES+ cells started to appear within and around the colonies of K14+ cells (Figure [7](#btm210109-fig-0007){ref-type="fig"}a,b). The number of NES+ cells increased with time throughout the induction period with population doubling time of 22 ± 2.1 hr (*n* = 3). The number of Sox10+/NES+ cells also increased resulting in 60--70% (*n* = 3) of Sox10+ cells in the NES+ cell population (Figure [7](#btm210109-fig-0007){ref-type="fig"}e). Expression of FoxD3 started after Day 4 of induction and the percentage of FoxD3+/NES+ cells reached \~60% (*n* = 3) after 6 days. Treatment with the FGF specific inhibitor CH5183284, eliminated the number of NES+ cells and expression of Sox10 and FoxD3, further suggesting that FGF2 was necessary for NC induction.

![Dynamics of NC induction from KC cultures. (a) Immunostaining for NES/K14 over time showing a small number of NES+ cells surrounding the K14+ colonies. (b) Immunostaining for Sox10/NES over time. (c) Immunostaining for FoxD3/NES over time. Scale bars, 50 μm. Each experiment was repeated three times](BTM2-3-256-g007){#btm210109-fig-0007}

4. DISCUSSION {#btm210109-sec-0013}
=============

Stem cell therapies require large numbers of stem cells, which necessitates the development of conditions that achieve stem cell expansion while maintaining multipotency. Here, we addressed this challenge in the context of NC stem cells and report on the culture conditions under which NC cells can be derived from primary epidermal KC isolated from neonatal glabrous foreskin lacking hair follicles. KC‐derived NC cells (KC‐NC) are small, spindle‐shaped cells that emerge from the KC cultures after 6‐8 days of induction in the presence of FGF2 and IGF1 in EBM2 basal medium. These cells express the filament protein NES as well as NC specific transcription factors Sox10 and FoxD3. Under optimal conditions that is, in the presence of both FGF2 and IGF1 and in the absence of serum around 80% of the cells are positive for Sox10 and FoxD3. Interestingly, the presence of serum reduces the fraction of Sox10+/NES+ cells to less than 60% but maintains the same level of FoxD3+/NES+ cells, suggesting that serum may contain inhibitors of Sox10 expression. Alternatively, serum may promote commitment of NC cells to neuronal fate, which may be accompanied by downregulation of Sox10 expression.[23](#btm210109-bib-0023){ref-type="ref"}, [24](#btm210109-bib-0024){ref-type="ref"} It would be interesting to address these two hypotheses and identify the pathways that may contribute to maintenance of the NC phenotype so as to enable long‐term expansion and use of these cells for regenerative medicine.

Our results clearly showed that FGF2 was sufficient to induce Sox10 expression even in the absence of serum, to the same extent as the complete medium. FGF2 was also necessary, as blocking FGFR signaling completely eliminated Sox10 and NES expression as well as NC induction altogether. These results are in agreement with studies that used FGF2 to expand NC cells from hair follicles[25](#btm210109-bib-0025){ref-type="ref"} or embryoid bodies.[26](#btm210109-bib-0026){ref-type="ref"} Others implicated FGFR1 in NC migration from the neural plate border area of *Xenopus* embryos[27](#btm210109-bib-0027){ref-type="ref"} and more recently FGFR4 was also implicated in NC development.[28](#btm210109-bib-0028){ref-type="ref"}

However, IGF1 alone was unable to induce Sox10 expression, especially in the absence of serum. However, in combination with FGF2, it increased the percentage of Sox10+ cells and the total number of NES+ cells, suggesting that IGF1 may have promoted proliferation of NC cells. In addition, IGF1 and FGF2 contributed almost to the same extent in FoxD3 expression. Interestingly, their combined action yielded higher percentage of FoxD3+/NES+ cells than the sum of each growth factor alone. This was especially true in the absence of serum, where each factor was unable to induce FoxD3 expression but when added together they resulted in FoxD3 expression in almost all NES+ cells (Figure [8](#btm210109-fig-0008){ref-type="fig"}). This is an interesting result that may suggest that the combination of FGF2 and IGF1 may act cooperatively to induce FoxD3 expression, possibly by activating more than one pathway.

![Schematic summarizing the effects of FGF2, IGF‐1, and TGF‐β on Sox10 and FoxD3 expression during NC induction from cultures of human KC](BTM2-3-256-g008){#btm210109-fig-0008}

Indeed, we identified that at least two such pathways, PI3K/Akt and MAPK/Erk1/2, were necessary for NC induction. Blocking either pathway completely eliminated NC induction as evidenced by immunostaining for NES. While KC were present in colonies, no NES‐expressing cells were found when either pathway was inhibited. Furthermore, WB showed that neither NES nor Sox10 was expressed when PI3K/Akt or MAPK/Erk1/2 pathway was blocked. The effect of Akt pathway in pluripotency has been recently discussed in the context of embryonic and progenitor cell differentiation patterns.[29](#btm210109-bib-0029){ref-type="ref"} Furthermore, activating MEK was shown to prolong the expression of pluripotency marker Sox3,[28](#btm210109-bib-0028){ref-type="ref"} a Sox family member that is also regulated by FGF signaling.[30](#btm210109-bib-0030){ref-type="ref"} On the other hand, inhibition of Rac had no effect on the number of NES+ cells after 8 days of induction. It will be interesting to examine whether the PI3K/Akt and MAPK/Erk1/2 pathways are also important in the maintenance of the NC phenotype and/or the differentiation of NC stem cells to NC‐specific lineages such as neurons or Schwann cells. Finally, inhibition of TGF‐β1 pathway appeared to have a positive effect on the proliferation of NES+ cells and the fraction of Sox10+ cells, suggesting that TGF‐β1 might be suppressing Sox10 expression and NES+ cell proliferation.

Previously, we showed that KC‐NC are multipotent stem cells that can be coaxed to differentiate into neurons, Schwann cells, melanocytes, and mesenchymal stem cell derivatives (osteocytes, chondrocytes, adipocytes, and smooth muscle cells). Most notably, upon transplantation into chick embryos, KC‐NC migrated along stereotypical pathways and gave rise to multiple NC derivatives, providing strong support of their NC phenotype.[17](#btm210109-bib-0017){ref-type="ref"} Given the accessibility of human skin and the high proliferation capacity of KC and KC‐NC, these cells represent a potentially useful source of multipotent stem cells for treatment of demyelinating diseases or spinal cord injuries. They could also be used to study diseases of the central or peripheral nervous system for example, neurocristopathies,[31](#btm210109-bib-0031){ref-type="ref"}, [32](#btm210109-bib-0032){ref-type="ref"} similar to human induced pluripotent stem cells but without the need for reprogramming to the pluripotent state. This readily accessible source of NC cells may have significant impact on regenerative medicine, understanding human disease and facilitating drug discovery.
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